We describe an efficient and simple minisatellite variant repeat mapping by PCR (MVR-PCR) method based on the assignment of the tandem array of 29 bp repeating units into a-type, t-type and 0-type (a rarely appearing unamplified unit), from the first repeat unit position (code position 0) of 293 bp in D1S8 locus. After microchip electrophoresis of PCR product amplified from the target DNA of a human hair root, each rung of the ladder at the position of 293 + 29 n bp (n: code position) was detected and the type of repeating unit was determined, i.e., aa, a0, tt, t0, at and 00. The peak area of the rungs from PCR product decreased with increase in code position. We found for the first time that the logarithmic plots of the peak area against the code position showed a linear relationship, which implied that peak areas decrease exponentially. The present method was successfully applied to identify 37 individuals using only a hair root as a biological specimen. This "exponential law" is expected to be an effective tool in forensic science.
Introduction
Various kinds of DNA profiling techniques have been developed and are being applied to forensic case studies. 1, 2 The typing of D1S8 (MS32) locus using minisatellite variant repeat mapping by PCR (MVR-PCR) method was performed by Jeffreys et al. in 1991. 3 D1S8 locus on chromosome 1 contains three classes of variant 29 bp repeat units: a-type, t-type and (rarely) unamplified null or O-type repeats. 4, 5 When analyzed electrophoretically using two tracks a and t for the analysis of atype and t-type units, respectively, MVR-PCR of total genomic DNA produces a profile of both alleles superimposed to generate six different types for each "rung" of the ladder; an intense band in the a track with no band in the t track (code 1, aa; called homozygote), an intense band in the t track with no band in the a track (code 2, tt; called homozygote), a faint a band with a faint t band (code 3, at; called heterozygote), a faint a band without t band (code 4, a0; called heterozygote), a faint t band without a band (code 5, t0; called heterozygote) and no band in either a or t track (code 6, 00). Code 4 and code 5 were distinguished from code 1 and code 2 by their intensities of bands, respectively. The fragment size of the first repeat unit position (code position 0) was 293 bp.
Therefore, electrophoretically each rung of the ladder at the position of 293 + 29 n bp (n: code position) was detected and at each code position the type of repeating unit, i.e., aa, a0, tt, t0, at or 00 was determined. Here, the appearance of two variant 29 bp repeat units at each code position is originating from the DNA of parents. Two major classes of a-type and t-type differ by a single base substitution 5 and show highly diverse dispersion patterns within alleles. 4 This MVR-PCR method is highly precise in individual identification. On the basis of this approach, forensic analysis and genetic analysis have been performed. [6] [7] [8] [9] [10] [11] However, this process is rather complicated and takes a long time because it uses electrophoresis through a 35-cm long gel and Southern blot hybridization with isotopically labelled probes to detect the PCR products. For the purpose of solving these problems, non-isotopic MVR-PCR systems have been studied. Yamamoto et al. reported DNA typing by staining the amplified DNA directly with ethidium bromide after electrophoresis. 12 Rodriguez-Calvo et al. examined different electrophoretic methods: conventional agarose gels and non-radioactive hybridization, polyacrylamide gel electrophoresis followed by silver staining, and automatic detection of fluorescent-labeled alleles. 13 Ito et al. developed a rapid detection method for allele analysis using allele-specific MVR-PCR with fluorescent dNTPs. 14 These methods provide only qualitative analysis but not quantitative analysis of each band.
In the present study, we examined quantitative evaluations of MVR-PCR product using a microchip electrophoresis apparatus with a laser-induced fluorescence detector, an Agilent 2100 Bioanalyzer (Agilent Technologies, CA, USA). Mathematical analysis of the quantitative results on each peak showed that the peak area decreased exponentially with increase in the code position. Logarithmic plots of peak area against code position showed a linear relationship.
We report the utility of the simplified MVR-PCR method based on the "exponential law" for individual identification from strands of human hair.
(Tokyo, Japan). Gene Taq for PCR and Agarose 21 for electrophoresis were obtained from NIPPON GENE (Toyama, Japan). DNA 1000 LabChip kit for analysis of PCR products was obtained from Agilent Technologies (Palo Alto, CA, USA). PicoGreen ® dsDNA Quantitation Kit and SYBR ® Gold Nucleic Acid Gel Stain were purchased from Molecular Probes (Eugene, OR, USA). Water was purified using a Milli-Q system (Millipore; Bedford, MA, USA). The other reagents and buffers used were of guaranteed grade.
DNA extraction
DNA was extracted from a human hair root by the Chelex method.
15,16 A 2-cm portion from the root end of each hair was used. In each MVR-PCR reaction, 20 ng of extracted DNA was used. For the dsDNA quantitation in the extract, PicoGreen ® reagent 17 was used.
MVR-PCR
Samples of genomic DNA (20 ng) were amplified in 50 µL of PCR solution including 1 µM primer 32D (5′-CGACGCGCA-GATGGAGCAATGGCC-3′), 1 µM primer TAG (5′-TCATGC-GTCCATGGTCCGGA-3′) and either 0.2 µM 32-TAG-A (5′-T-CATGCGTCCATGGTCCGGACATTCTGAGTCACCCCTG-GC-3′) for the amplification of a-type unit or 0.4 µM 32-TAG-T (5′-TCATGCGTCCATGGTCCGGACATTCTGAGTCACCCC-TGGT-3′) for the amplification of t-type unit, plus 2.5 unit Gene Taq DNA polymerase. DNA was denatured at 94˚C for 5 min, then Taq polymerase was added and reactions were performed at 94˚C for 1.3 min, at 68˚C for 1 min, at 70˚C for 5 min for 30 cycles, and followed by incubating at 68˚C for 1 min and at 70˚C for 10 min for 2 cycles with a DNA Thermal Cycler (TAKARA BIO INC., Shiga, Japan).
Analysis using Agilent 2100 bioanalyzer and agarose gel electrophoresis
After PCR separation, detection and quantification of PCR products were accomplished using an Agilent 2100 bioanalyzer in conjunction with the DNA 1000 Labchip kits. DNA size separation was successfully performed during migration through interconnected microchannels filled with a sieving polymer. The chip contains 16 wells: 3 loading of the gel-fluorescent dye mixture, 1 for the application of molecular size ladder, and 12 wells for the injection of experimental samples. In each well, two different sizes of internal markers are loaded; DNA amounts in samples are quantified by the upper marker and their migration times are aligned according to the lower marker. One microliter of each PCR product was used for analysis.
For agarose gel electrophoresis, 10 µL of each PCR product was loaded at an a track and a t track on the gel. The ladder of PCR products was separated on 3% Agarose 21 in TBE buffer [89 mM Tris-89 mM boric acid-2 mM EDTA·2 Na (pH 8.
3)] at a constant voltage (60 V). As a staining reagent, SYBR ® Gold Nucleic Acid Gel Stain was used, and the amplified DNA bands were detected with a fluoroimageanalyzer FLA-2000 (FUJIFILM, Tokyo, Japan).
Results
Initially we tried the MVR-PCR using conditions reported originally 3 and 20 ng of template DNA extracted from a hair root. However, no reaction product was detected by our nonisotopic method. Satisfactory results were obtained when 20-fold concentrations of both primers 32-TAG-A and 32-TAG-T were used. Figure 1 shows agarose gel electropherograms of MVR-PCR products (D1S8) obtained from three individuals. In this method, the rungs became faint with increase of code position and consequently it was difficult to discern the code from these bands, especially to distinguish codes 1 (aa) and 4 (a0), and codes 2 (tt) and 5 (t0). Figure 2 shows the electropherograms obtained by an Agilent 2100 bioanalyzer using the same PCR products as in Fig. 1 . Amplified DNA fragments were detected as peaks having molecular sizes of 293 bp or above with intervals of 29 bp or 29x (x: integer of more than 2) bp. The peak areas of PCR products reduced with increase in code position. When homozygote and heterozygote were expected from the results of a-type and t-type analysis, on the decreasing in peak areas, two different curves, presumably corresponding to homozygote series and heterozygote series, were supposed as a function of code position. Figure 3 shows a relationship between the peak area and the code position of Individual (1). The curves prove the above hypothesis and suggest that the peak areas decreased exponentially with increase in code position.
A linear relationship was obtained when the logarithm of the peak area was ploted vs. code position (Fig. 4) . Correlation coefficients of a-type were R 2 = 0.9978 in homozygote and R 2 = 1.0000 in heterozygote, and those of t-type were R 2 = 0.9930 in homozygote and R 2 = 0.9923 in heterozygote. These results clearly prove that peak area decreases exponentially with increasing in code position.
In the case of agarose gel electrophoresis (Fig. 1) , the band detected at code position 8 (arrow) of the track a of Individual (1) was difficult to determine whether it is code 1 (aa) or code 4 (a0) by visual inspection. Even when analyzed by the bioanalyzer, unequivocal assignment of the peak 8 was likewise difficult from the electropherogram itself. However, judging by the "exponential law", peaks at code positions 0, 2, 3, 5, 8 were clearly classified into homozygote, i.e. code 1 (aa). Similarly,
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ANALYTICAL SCIENCES DECEMBER 2004, VOL. 20 peaks at code positions 11 and 12 (asterisk) at the track t were readily classified into heterozygote (t0) and homozygote (tt), respectively. By the present method, 37 hair roots from 37 Japanese were analyzed.
The results summarized in Table 1 clearly demonstrate that all individuals could be distinguished. Furthermore, when the overall procedure (from hair root sampling to the final microchip electrophoresis) was repeated three times for the hair root analysis of subject 26, exactly identical results were obtained. The fact indicates that this method is highly reproducible as long as the amount of template DNA and the primer concentration are kept constant.
Contamination of hair root with other biological fluids such as blood and saliva from the same person did not affect the electrophoretic pattern of the PCR products. However, when hair root samples contaminated with blood or saliva from other persons were analyzed, the results often did not conform to the exponential law. Our interpretation will be presented below.
Discussion
We analyzed MVR-PCR products by conventional agarose gel electrophoresis and microchip electrophoresis with an Agilent 2100 Bioanalyzer. While the former gave only qualitative results, the latter provided quantitative results as well. These lead to the finding that peak areas exponentially decreased with increase in code position in two different series, homozygote series and heterozygote series, respectively.
The so-called fade-out phenomenon 14 in which PCR products decrease with increase in code position, was observed in MVR-PCR method especially for products those based on nonisotopical techniques. The fade-out phenomenon has been considered to be a mere fault and little attention has been given to changes in the intensities of fading bands. We dealt with the fading phenomenon in each band quantitatively for the first time and found the "exponential law".
The present "exponential law" is expected to improve several problems. For example, as we have mentioned before, code 1 and code 4, and code 2 and code 5 have been qualitatively distinguished by their band intensities, respectively. This distinction naturally involves subjective impressions, particularly for faint bands at higher code positions. However, by adapting the exponential law to the logarithmic plots of peak areas against code position, the band classification into homozygote or heterozygote was readily performed. Furthermore, the exponential law may become a useful tool for the estimation of hair root sample contamination with others' biological fluids such as blood and saliva, though usually such discrimination is difficult from the appearance. Here, the possibility of mutual contamination of hair root is completely negligible because our method permits individual identification with a single hair root. In addition, so far as such contamination is originating from the same person, the analytical result from a hair root DNA of a person was ensured to conform to the exponential law. On the other hand, the fact that analytical results from a hair root DNA contaminated with others' biological fluids seldom conform to the exponential law may be useful to predict the presence of sample contamination with DNA from other persons. For hair root samples which might be contaminated, the following procedure is recommended. The samples are washed first with water and then the hair root and washing are submitted to DNA extraction, MVR-PCR and a microchip electrophoresis.
The numbers of code positions obtained by this method were fewer than those obtained by a conventional method, 12 probably because a smaller amount of template DNA (20 ng) and higher concentrations of primers (20-fold 32-TAG-A and 32-TAG-T) were used. Such use might decrease the efficiency in the extension step of PCR. When the samples containing only trace amounts of DNA are available, for example in a hair root analysis, limited amplification will be attained under the original PCR conditions. 3 Therefore, it is necessary to establish a MVR-PCR system suitable for such samples. The use of higher concentrations of primers 32-TAG-A and 32-TAG-T adequately solved the problem.
Our method has enough ability to distinguish individuals. As shown in Table 1 , codes were determined at least up to the code position of 9, this means that theoretically 6 10 (= 60466176) individuals can be distinguished. The present microchip electrophoretic method needs only 40 min for analysis of PCR product, whereas the original method 3 requires 2 days because of complicated process. Our method is much faster than any other rapid method for analysis of the D1S8 locus. The methods of Yamamoto et al. 12 and Rodriguez-Calvo et al. 13 require 18 h and 5 -6 h, respectively. The method of Ito et al. 14 requires 8 h for electrophoretic separation of the PCR products. Consequently, the present new process seems likely to become an effective tool for individual identification. 
